The objective of this study was to validate a new blocking enzyme-linked immunosorbent assay (ELISA) (designated M108 for milk and S108 for serum samples) for detecting bovine leukemia virus (BLV) infection in dairy cattle. Milk, serum, and ethylenediaminetetraacetic acid-blood samples were collected from 524 adult Holstein cows originating from 6 dairy herds in Central Argentina. The M108 and S108 were compared with agar gel immunodiffusion (AGID), polymerase chain reaction and a commercial ELISA. Because there is currently no reference test capable of serving as a gold standard, the test sensitivity (SE) and specificity (SP) were evaluated by the use of a latent class model. Statistical inference was performed by classical maximum likelihood and by Bayesian techniques. The maximum-likelihood analysis was performed assuming conditional independence of tests, whereas the Bayesian approach allowed for conditional dependence. No clear conclusion could be drawn about conditional dependence of tests. Results with maximum likelihood (under conditional independence) and posterior Bayes (under conditional dependence) were practically the same. Conservative estimates of SE and SP (with 95% confidence intervals) for M108 were 98.6 (96.7; 99.6) and 96.7 (92.9; 98.8) and for S108 99.5 (98.2; 99.9) and 95.4 (90.9; 98.1), respectively. The ELISA 108 using either milk or serum to detect BLV-infected animals had comparable SE and SP with the official AGID and a commercial ELISA test, which are currently the most widely accepted tests for the serological diagnosis of BLV infection. Therefore, ELISA 108 can be used as an alternative test in monitoring and control programs.
Introduction
Bovine leukemia virus (BLV), a retrovirus that is widespread in the bovine population in many countries around the world, is the etiological agent of the lymphoproliferative disease known as enzootic bovine leukosis. 19 The BLV establishes a persistent infection in a subpopulation of B lymphocytes by integrating proviral DNA into the host cellular DNA. 19 Because most of the infected cows develop specific antibodies, 19 many of the diagnostic tests to detect BLV infection aim at detecting antibodies in sera or milk from animals older than 6 months. 20 The most frequently used serological tests are agar gel immunodiffusion (AGID) 23 and enzyme-linked immunosorbent assay (ELISA). 2, 17, 34 Polymerase chain reaction Quantitative Veterinary Epidemiology Group, Animal Sciences Group, Wageningen University and Research, PO Box 338, 6700 AH, Wageningen, The Netherlands (Monti, Frankena, de Jong), Facultad de Cs. Veterinarias de Esperanza, Universidad Nacional del Litoral, P. Kreder 2805 (3080), Esperanza, Santa Fe, Argentina (Monti, Tarabla) , and Quantitative Veterinary Epidemiology, Animal Sciences Group, Wageningen University and Research, PO Box 65, 8200 AB Lelystad, The Netherlands (Engel, Buist, de Jong). 1 Corresponding Author: Gustavo E. Monti, Universidad Austral de Chile, Instituto de Medicina Preventiva, Facultad de Ciencias Veterinarias, Casilla 567, Valdiva, Chile.
(PCR) is an alternative that aims at the detection of integrated proviral DNA 1, 7, 9 and is considered to be highly sensitive. 16, 25, 28 The readily obtained results and relative ease of implementation make PCR an attractive alternative to serology. 3 A diagnostic test is a tool to indicate the presence or absence of a specific disease or condition in an individual from a specific population. Therefore, validation of a diagnostic test has important implications in many settings such as determination of true prevalence or probabilities of being infected for a given individual from a population, disease surveillance and monitoring, decision making, and risk analysis. 12 For that reason, reliable estimates of test performance are required.
The sensitivity (SE) and specificity (SP) are often used to characterize the performance of a diagnostic test. The SE and SP may be obtained in a simple manner by cross-classifying the test results against the true infection status of the individuals, as indicated by a reference test (often referred to as ''gold standard''). Conceptually, the results of the reference test can be used to discriminate animals into those that have the condition being tested for and those that do not. 37 In this study, the former group is referred to as ''disease positive'' and the latter as ''disease negative.'' In ad-dition, ''test positive'' or ''test negative'' are defined as individuals that show either a positive or a negative test result. Sensitivity is defined as the proportion of disease-positive subjects that yield a test-positive result and SP as the proportion of disease-negative subjects that yield a test-negative result. It is assumed that the reference test is error free. 37 However, often perfect categorization of the subjects is impossible, unethical, or too expensive, and one must settle for comparison with an imperfect ''reference'' method. When the reference test is not imperfect, 12, 40 misclassification will result in biased estimates of prevalence and of SE and SP of the test(s) to be evaluated. 14, 32, 40 When the true infection status cannot be precisely determined by a single reference test, SE and SP can still be estimated by the use of a latent class model, using either maximum likelihood 14, 30, 31 or Bayesian methodology. 6, 8, 11 When results from several tests are jointly analyzed, it is important to know whether the tests are independent or dependent. Independence (dependence) between diagnostic tests relates to whether the tests measure unrelated (related) things, given the true but unknown infection status. This is referred to as conditional independence (dependence). Conditional dependence among test results might occur in either the infected or the noninfected subpopulations. 10 For example, in an infected animal, the serologic response measured by 2 different tests will tend to follow a similar time-dependent pattern. False-negative test results on both tests might be more likely to occur early in the course of infection. It has been shown that ignoring conditional dependence may result in biased estimates of prevalence, SE and SP. 6, 10, 39 Conditional dependence could arise from other factors than infection status such as cross-reaction with other antibodies from related infections which can (co)exist within animals, or because different tests might measure the same antibody fraction, or because some antibodies have affinity for other proteins present in the samples but different from the target. Conditional dependence is also of importance when control strategies comprise several tests. 10 A new ELISA that has operational advantages in comparison with the official AGID test was developed and may constitute another diagnostic tool for use in control programs. The objective of this study was to estimate the SE and SP of the newly developed ELISA (for milk and serum samples) for detecting BLV infection in dairy cattle.
Materials and methods

Animals and herds
Milk, serum, and ethylenediaminetetraacetic acid (EDTA)-blood samples were collected from all lactat-ing Holstein cows (n ϭ 524) originating from 6 dairy herds in the Central Dairy Area of Argentina, in October 1999. The seroprevalence of BLV in 3 of these herds had been previously assessed using AGID with the following results. One herd had no serological evidence of BLV infection, the second herd was a highprevalence herd (more than 50% of adult cattle seropositive), and the third a low-prevalence herd (less than 5% of adult cattle seropositive). Three farms were of unknown BLV status. In Argentina, a proper random selection of herds is difficult because the BLV control program is voluntary and only few herds have enrolled. Also, it is quite difficult to find farms with a well-known history of disease status. The 6 purposively selected herds in the study represent typical dairy farms of the area in terms of herd size (between 150 and 300 animals), breed (Holstein), and management practices (not housed, 305-day milk production between 5,000 and 6,000 liters). Animals graze on pasture in rotational paddocks all year round and are milked twice a day.
Serological tests
Agar gel immunodiffusion test. The AGID was performed using Argentina's official kit for BLV testing. a A 1% agar gel was prepared and mounted on a glass slide (13 ϫ 10 cm) with a punching design that allows 48 samples to be tested simultaneously. Slides were incubated in a humidified chamber and were read at 24 and 48 hr. Two experienced technicians interpreted the test reactions under a light beam in a dark room. To avoid verification bias, the readings were made independently by both technicians, and samples in which disagreement was observed were not retested to avoid review bias and were considered as incoherent. Test results were reported as positive, negative, doubtful, or incoherent when both observers did not agree. There were some samples where the technicians were unsure about the result, and these results were scored as doubtful. The few incoherent and doubtful results were excluded from the calculations. The kit-information sheet did not contain any estimates of SE and SP, but the literature reports its SE and SP to be 98.5% and 69.8%, respectively (relative to complement fixation), 23 86% and 100% (relative to a commercial ELISA), 22 and 85% and 92.2% (relative to radioimmunoprecipitation assay). 15 Blocking ELISA 108 (milk, M108, serum, S108). The ELISA 108 was performed using a previously described protocol. 13 A 96-well microplate b was coated with 100 l/well of serum from a naturally infected cow diluted (1:10,000) in 20 mM carbonate buffer and incubated for 16 hr at 4ЊC. After washing twice, BLV-gp51 capture was performed by incubating with a crude cell culture-derived antigen fetal lamb kidney (FLK-BLV). Two washes were made with phosphate-buffered saline-tween solution (PBST) washing solution, and 100 l of serum (diluted 1:2) or whole cow milk (diluted 1:9) was added and incubated for 16 hr at 4ЊC. Plates were washed 4 times, and 50 l/well of anti-gp51 monoclonal antibody c was added, and plates were incubated for 90 min at 37ЊC. Subsequently, 100 l peroxidase-conjugated affinity-purified goat anti-mouse immunoglobulin G (H ϩ L) d used at a dilution of 1:10,000 was added and incubated for 45 min at 37ЊC. Plates were washed 4 times with PBS only. A solution of tetramethylbenzidine e was used as substrate and incubated for 30 min at room temperature. Reaction was stopped with 30 l/well of 2 M H 2 SO 4 . Optical density (OD) at 450 nm was measured using a microplate reader. f Samples were tested in duplicates, and in each plate, the positive and negative control and the European Union (EU) international standard serum (E4) were included. The E4 represents a defined titer, and it served for checking whether the positive control of the kit worked satisfactorily under different conditions. 41 The percentage of inhibition (PI) of each test sample was calculated as follows.
where, ODNC ϭ OD of negative control and ODPC ϭ OD of positive control. Serum samples with PI Ն 40% were considered as positive, those with PI Ͻ 35% were considered negative, and those with a value between them doubtful. 13 For milk samples, different cutoff points were used (Ն52% as positive, Ͻ47% as negative, and between these values as doubtful). Doubtful results were not retested and were excluded from further analysis.
For validity of the results, 2 conditions had to be met on each plate. First, average ODNC must be Ն0.800 and blocking percentage calculated as 100 ϫ(ODNC Ϫ ODPC)/ODNC must be Ն80%. Second, duplicated PI values must relatively differ by less than 25%.
SERELISA BLV (SER). g The commercial indirect ELISA kit g was used according to the manufacturer's instructions, and the results were expressed as positive, negative, or doubtful. When duplicate samples did not show the same result, they were scored as inconsistent.
For any test, missing value was defined as any missing result for a given test. These results originated when there was any inconvenient while running a test, and there was not enough raw material to perform it again.
Proviral detection by nested PCR
Polymerase chain reaction primers. Oligonucleotide primers for PCR were designed from published sequence data. 35 Primers corresponding to the env and ltr genes were selected because this region is highly conserved among different BLV provirus isolates. 33 Forward primers were env5032 5Ј-TCT GTG CCA AGT CTC CCA GAT A-3Ј and env5099 5Ј-CCC ACA AGG GCG GCG CCG GTT T-3Ј. The reverse primers were env5521r 5Ј-GCG AGG CCG GGT CCA GAG CTG G-3Ј and env5608r 5Ј-AAC AAC AAC CTC TGG GAA GGG T-3Ј. The set env5099 and env5521 was established and described previously. 28, 29 The ltr primer sequences were: ltrB1 5Ј-TGT ATG AAA GAT CAT GCC GAC CTA G-3Ј, ltrB506 5Ј-GGT CTC TCC TGG CCG CTA GA-3Ј, ltrB42 5Ј-GTA AAC CAG ACA GAG ACG TCA GCT-3Ј, and ltrB478 5Ј-GAA GGA GAG AGC GCG GGC-3Ј. All primers are commercially available. h
The PCR assay. The DNA was extracted from frozen blood, using NucleoSpin Blood kit. i The initial round of nested-PCRs 9 was performed using env 5032 /env 5608r as first primers; initial incubation of samples was at 72ЊC for 2 min; denaturation at 94ЊC for 2 min; then 50 amplification cycles consisting of denaturation at 95ЊC, 30 sec, primer annealing at 58ЊC, 30 sec, and extension at 72ЊC for 1 min and final extension at 72ЊC for 4 min. For ltr primers, conditions for first round (ltr B1 /ltr B506 ) were set similar to those for env primers except that primer annealing was done at 62ЊC. The second round of amplifications was carried out using the second pair of primers (env 5099 /env 5521r ). The second round conditions were set as the first round except for primer annealing temperature that was switched to 72ЊC. Conditions in the second round (ltr B42 /ltr B478 ) for annealing were set to 62ЊC as well. A sample was considered positive when any of the 2 PCR assays (env or ltr primers) tested positive.
Known positive-and negative-control DNA samples were included in each test run, and samples showing a band migrating at 444 base pairs were considered as positive. Because of the very high analytical sensitivity of PCR, special precautions were taken to avoid contamination. All steps were carried out in separate rooms, all pipetting procedures were performed under plexiglas boxes, and rooms were irradiated with UV light after each step.
Statistical analysis. Cohen's Kappa 18 statistic was calculated as a global measure of agreement between test results. The Kappa statistic varies between 0 (chance agreement) and 1 (perfect agreement), where 0.00 Ͻ k Ͻ 0.20 as ''slight,'' 0.21 Ͻ k Ͻ 0.40 as ''fair,'' 0.41 Ͻ k Ͻ 0.60 as ''moderate,'' 0.61 Ͻ k Ͻ 0.80 as ''substantial,'' and 0.81 Ͻ k Ͻ 1.00 as ''almost perfect'' agreement.
Test results (y) were analyzed as binary: an individual was diagnosed as having the infection (positive test result; y ϭ 1) or not (negative test result; y ϭ 0). The cutoff points for the continuous signals (OD) of the ELISA 108 and SER tests, resulting in binary test results, were as suggested by the developers of ELISA 108 and manufacturers of SER. The true infection status of an individual, either infected (disease positive; D ϭ 1) or not (disease negative; D ϭ 0), was unknown.
The unknown infection status (D) can be introduced in the model as a latent variable (a variable that is not directly observed). This latent class (D ϭ 0 or D ϭ 1) model comprises a mixture of separate multinomial distributions for truly positive (D ϭ 1) and negative (D ϭ 0) animals. Joint probabilities for combinations of test results for D ϭ 0 and D ϭ 1 were expressed analogous to log-linear and multilogistic models and were assumed to be the same across herds. Consequently, SE and SP were assumed constant across herds. Conditional independence between tests corresponds to a main effects model (model M1), whereas conditional dependence is represented by additional interaction terms between tests (model M2). A separate prevalence was introduced for each herd. Estimation was done both by classical maximum likelihood 30, 31 and Bayesian inference. 8, 11 Inference by maximum likelihood was performed with the TAGS (test in the absence of a gold standard) 30 program. Because TAGS is unable to handle conditionally dependent tests, maximum-likelihood estimates were derived under the assumption of conditional independence. The Bayesian analysis was performed with the Gibbs sampler, as implemented in the WinBUGS program. 36 In the Bayesian analysis, conditional dependence among tests (additional interaction terms) was included. In a Bayesian analysis, prior knowledge about the model parameters (SE, SP, covariance between tests) has to be supplied by prior distributions. Fairly uninformative priors were specified, which focused on conditional independence or positive conditional dependence, as presented in Swildens et al. 38 Gamma and gaussian priors were used, to assess robustness of the results for choice of prior.
The priors were combined with the data for the latent class model into posterior distributions that summarize the current up to date knowledge about the parameters. The medians of these posterior distributions were presented as point estimates, whereas the 2.5 and 97.5 percentile points were used as Bayesian 95% confidence intervals (credible intervals). Medians and percentile points were numerically evaluated by WinBUGS. 36 Finally, the authors of this study also obtained results with PCR as a reference test, to illustrate the bias that may result from the use of an imperfect reference test. In a number of studies, PCR failed to detect BLV provirus in cattle that tested positive in serum. 1, 5, 7 The nested PCR was included because several studies indicated that it performed better than AGID, 3, 9, 16 which is used as reference in many other studies. The superior performance of PCR stems from its ability for earlier detection of infected animals 2, 7 and detection of as few as 4-10 copies of proviral BLV. 9, 28 Table  1a and 1b. The percentage of animals within each herd that tested positive ranged from 21% to 97% and from 0% to 100% for PCR and serological tests, respectively. Results of M108 and S108 were similar, using either the standard E4 as positive control or the positive control of the kit (results not shown).
Results
A summary of the test results is presented in
The kappa measures of agreement between M108, S108, PCR, SER, and AGID are shown in Table 2 . The M108, S108, SER, and AGID tests, all based on antibody detection, show similar kappa values, ranging from 0.81 to 0.93, suggesting strong agreement. The kappa values (ranging from 0.63 to 0.69) of PCR with the other tests suggest substantial agreement.
The results of the maximum-likelihood analysis (by TAGS assuming conditional independence) and of the Bayesian analysis (both under conditional independence and dependence; models M1 and M2, respectively) are presented in Table 3 . In M2, nonnegative dependence (negative dependence was biologically not plausible) was allowed for with a gamma prior for the dependence parameters. 38 Results from TAGS and from Bayesian analysis according to M1 and M2 are quite similar. The likelihood ratio test and correlation residuals provided by TAGS do not show a significant lack of fit of the independence model (P Ͼ 0.032). In addition, different prior distributions yielded similar estimates of SE and SP (results not shown). The SE and SP confidence intervals of the dependence parameters, obtained with a normal prior that allows for negative dependence as well, all contain the value 0 except for the pairs PCR-S108 and PCR-AGID. This also indicates that there is little evidence for conditional dependence. However, the confidence intervals for the interaction parameters for dependence (not shown), both for the gamma priors (nonnegative dependence) and normal priors (negative or positive dependence), are fairly wide, indicating that the data do not offer a great deal of information with respect to Table 3 . Estimated sensitivity (SE) and specificity (SP) with their 95% confidence intervals (conventional and TAGS models) and the median values with their 95% credible intervals of the posterior distribution (Bayesian models); for 5 diagnostic tests to detect BLV, based on methods with and without gold standard. conditional dependence between tests. Therefore, the authors of this study decided to present the (possibly more conservative) results from M2 as the final results for SE and SP. Estimated SE's of the ELISA tests are markedly higher than those of AGID ( Table 3 ). The PCR performed quite poorly with respect to SE and SP (92.6 and 75.9, respectively) compared with the other tests. Finally, a look at some results with PCR as a reference (Table 3) showed much lower estimates for both SE and SP, than models that did not consider PCR as a reference test.
Discussion
This study described the evaluation of diagnostic performance of a new test for detecting BLV infection. Because of purposive selection, the estimates of prevalence cannot be used to make inferences beyond this study; however, the dairy herds used in this study were typical for the area.
Results of kappa, maximum likelihood, and Bayesian analysis clearly show that under the conditions of this study, ELISA 108, either in milk or serum, performed at least as well as existing diagnostic tests. Hence, it can be incorporated as diagnostic tool in BLV control programs. For example, S108 can be preferentially used for certifying BLV-free status because of its high SE. Although the antibody level in milk is lower than that in serum, M108 had an SE and SP as high as the official AGID test. Therefore, M108 could be preferred for routine screening of infected animals because of the operational advantages. Milk testing prevents the risk of spreading the virus during sampling because it is not a common practice in Argentina to use a separate needle for each animal. However, under the conditions of this study, the new ELISA test (S108, M108) performed as well as the existing ELISA test (SER), indicating that additional criteria such as kit costs, practicality, time to obtain results, etc., should be taken into account when deciding which test to use.
Estimates of SE and SP relative to PCR were lower than those previously reported for the same ELISA 13 and in comparison with other ELISAs. 2, 17, 22 However, SE and SP estimates obtained by the latent class model, where no gold standard is required, were closer to those previously published. Part of the differences in the estimated SE and SP among different studies may be attributed to different testing conditions or to use of different reference tests than PCR. An obvious reason for the low estimates of SE and SP, using PCR as a reference, was the relatively poor performance of the PCR, as apparent from the analysis with the latent class model. Factors related to the PCR technique and factors related to the statistical methodology may explain this lower performance of PCR. First, the SE of the PCR is highly dependent on the design and execution of the primers used in the PCR, as was shown in another study. 21 Second, circulating lymphocytes from seropositive, hematologically normal, and asymptomatic cattle contain 1-3 proviral copies, and the percentage of BLV-infected cells has been found to be less than 10%. 5, 24 These levels can be below the detection level of PCR but still might elicit a detectable immune response. This is consistent with the findings of this study (results not shown) that herds with higher seroprevalence tend to have a larger proportion of individuals yielding positive results in all serological assays but negative by PCR. A third reason for the relatively low SE could arise from the absence of provirus in circulating lymphocytes 27 while they can be sequestered in lymphoid tissues 16 or in the mammary gland. 4 and while the animal is infected and produce an antibody response. In herds with an active infection, one may expect such animals to be present.
The SP of PCR might be underestimated because of the manner that models without gold standards estimate latent variables (true infection status). In these models, the true status of infection is obtained by consensus from all assay results; hence, test results also influence what is ''true.'' For example, recently infected animals testing positive by PCR but negative by most of the serological tests will be recorded as free of infection. Consequently, PCR results will be penalized as false positive, although in fact, it is not true. Around 10% of samples of this study can be included in this category (results not shown), and a subsequent study 26 showed that most of them seroconverted later, confirming that PCR might detect infection at an early stage.
The authors of this study considered conditional dependence between both variants (milk, serum) of the new test and some of the existing serological tests for detecting BLV infections because combinations of tests are frequently used, e.g., because of regulations for international trade of animals and for confirming results. However, results from TAGS suggest that the model assuming conditional independence fitted the data well. Also, results (not shown) from Bayesian models (M2a-2, M2, and M2b) did not indicate marked dependence. Thus, dependence between serological tests cannot be supported with data obtained in this study, but in view of the confidence intervals, it cannot be ruled out either. Results under conditional independence and conditional dependence, both by maximum-likelihood and posterior Bayesian methods, were fortunately quite similar. Therefore, possible conditional dependence does not critically affect the authors' conclusions with respect to the new ELISA tests.
In conclusion, the BLV ELISA 108 (either milk or serum) described in this study has comparable SE and SP with the official AGID and a commercial ELISA, which are currently the most widely accepted tests for the serological diagnosis of BLV infection. Therefore, it can be incorporated as an alternative test in monitoring and control programs.
